Introduction
Many of the organic reactions can be described in terms of the electro (nucleo) philic addition and substitution. These reactions have got large synthetic potentials and are most widely studied [1, 4] . Traditionally the electrophilicity is treated [1, 4] as a kinetic quantity, which explains the rate of a reaction through its correlation with activation energy or free energy of activation occasionally supplemented by thermodynamic stabilities of various species involved. On the other hand, the nucleophilicity and the basicity are often analyzed at par [1, 4] since both involves the amount of electron density present in it and its potential to donate that, although the former correlates with (a kinetic quantity) and the latter with ‡ G ∆ r G ∆ (an equilibrium or thermodynamic property).
Although it has been known for a long time that the electrophilicity is a cardinal index of reactivity and selectivity, an acceptable definition of it was lacking. Based on the work of Maynard et al [5] a theoretical definition of electrophilicity has been introduced recently by Parr et al. [6] It may be noted that Maynard et al [5] and Parr et al [6] have prescribed the same definition of electrophilicity through essentially kinetic (via correlation with reaction rates) and thermodynamic (in terms of the energetically favorable charge transfer processes) routes respectively and hence it is expected that it will contain both kinetic and thermodynamic information. This electrophilicity, however does not correlate well with the electron affinity [6] .
Density functional theory [7, 8] Atomic charges, Fukui functions (FF) and local softness are the local reactivity descriptors, which provide information about the site selectivity. In addition to these reactivity descriptors, Hard and Soft Acids and Bases (HSAB) principle has been employed in number of cases in analyzing both nucleophilicity and basicity, which encapsulates both thermodynamic and kinetic properties of numerous molecules [9, 10] .
A hard (soft) nucleophile prefers to react with a hard (soft) electrophile for both kinetic and thermodynamic considerations and for two species of comparable electronegativity values [9, 10] .
Zhou and Parr [11] have defined the activation hardness and investigated the electrophilic substitution of aromatic compounds using that. It is expected that the electro (nucleo) philicity should have both kinetic and thermodynamic requirements. The main objective of the present work is to gain insights into the exact nature (kinetic or thermodynamic) of the electrophilicity index. Different types of Friedel-Crafts reactions like benzylation, acetylation and benzoylation are studied to correlate the experimental rates of those reactions with the corresponding theoretical electrophilicity values.
Reliability of calculated activation energies and the problems associated with the definition of electrophilicity for more than one species are also discussed. Chlorination of various substituted ethylenes and nitration of toluene and chlorobenzene are taken as the representative reactions encompassing the electrophilic addition and substitution respectively.
Theoretical Background
Various global and local reactivity descriptors used in the present work are described below.
Activation hardness: Zhou and Parr [11] have proposed the activation hardness in accordance with the transition state (TS) theory. The activation hardness is defined as (1) where is the activation hardness,
η is the hardness of the reactant and is the hardness of the transition state. Zhou and Parr [11] have shown that smaller the activation hardness, the faster is the reaction. (I) and electron affinity (A). The electrophilicity is a descriptor of reactivity that allows a quantitative classification of the global electrophilic nature of a molecule within a relative scale and effectively is the power of a system to 'soak up' electrons [6] .
The local version of the electrophilicity index has been proposed by employing a resolution of identity as follows [12] :
where f k is the Fukui function at atom k in a molecule and (α= +, -and 0) represents local philic quantities describing nucleophilic, electrophilic and radical attacks respectively.
Since, electrophilicity measures the energy change of an electrophile as it is saturated with electrons, it may be considered to be an additive parameter. This property of electrophilicity has been used in this study to define new reactivity quantities such as activation electrophilicity and reaction electrophilicity.
Activation electrophilicity: Consider the following chemical reaction
Let ω , ω , and ω be the global electrophilicity indexes of reactants A, B and products C, D respectively. Considering this reaction to proceed via a transition state, it is possible to define activation electrophilicity by
where .
The corresponding activation energy is given by Reaction electrophilicity: Reaction electrophilicity is defined as R P r ω − ω = ω (8) where .
The corresponding reaction energy is given as R P r E E E − = (9) where and
are the electrophilicity index and energy of products respectively. P E For the reactions involving more than one reactant or product the definition of electrophilicity becomes ambiguous. We consider here some of the probable definitions. Three different types of electrophilicity for the products can also be defined accordingly.
Computational Details
General reaction scheme for all the reactions considered in the study is presented in scheme I. All the geometries of the molecules concerned are optimized in gas phase using Becke's three parameter hybrid density functional, [13] B3LYP/6-31G*, which includes both Hartree-Fock exchange and DFT exchange correlation functionals [14, 15] using the Gaussian 98W [16] package. The minimum energy configurations of the reactants, intermediates and products and the saddle point nature of the transition states have been ensured with the help of the corresponding calculated vibrational frequencies.
The reactants, intermediates and products are associated with zero imaginary frequencies, whereas there is one imaginary frequency for each transition state. Reactivity descriptors like chemical hardness and electrophilicity index have been calculated using standard working equations described earlier. AIM analyses for the π-complexes are carried out with the help of AIM 2000 software package [17] . The thermodynamic parameters for various reactions have been computed by the standard method implemented in the Gaussian package [16] . Using the freq keyword, the free energies of various reactions have been computed at T= 298.15K. From the calculated free energies of the transition states (G TS ) and those of reactants (G R ), the free energy of activation have been obtained
From the free energies of products (G P ) and the reactants (G R ), the free energy of reaction have been calculated using the following equation ∆G r =G P -G R .
Results and Discussion
Friedel-Crafts reaction: Optimized structures of all the molecules involved in the benzylation, acetylation and benzoylation reactions studied here are collected in Figure 1 , but not shown due to space limitations. Experimental relative rates (
are taken from reference [18] and are correlated with the calculated electrophilicity values. Table I ) RR It is not always easy to gather the experimental rates and reaction energies of several reactions to come to a definite conclusion. In order to bypass this problem we propose to calculate the activation and reaction energies of some reactions. For gaining confidence we first calculate the activation energies of some Markovnikov and antiMarkovnikov addition reactions of hydrogen halides to alkenes whose experimental activation energies are known [20] . Table II presents Table IV. Electrophilicity ( ) values of the reactant, the transition state and the product are presented in Table V . Their correlations with various kinetic and thermodynamic ω quantities (reported in Table IV) are provided in Figure 6 . It is observed that the electrophilicity does not correlate well with either the thermodynamic or the kinetic quantities. However, the correlation improves substantially by neglecting some odd points.
The inter correlation patterns between the kinetic and thermodynamic sets are shown in Figure 7 wherein it becomes transparent that they themselves correlate to some extent among each other.
Using equations (1), (6) and (8) Table VI. is a predictor of relative rates and it is a kinetic quantity and any other quantity that correlates well with E and can be considered as a kinetic quantity. Hence, an attempt has been made to correlate ‡ E ‡ ‡ G ∆ r ω and ω with E and .
The possible relationships between various kinetic quantities with are shown in σ -complexes associated with the nitration of toluene and chlorobenzene are stored in Figure 10 (not shown). 
TABLE V
Calculated electrophilicity values of the reactants ( , and ), the TS (ω(TS)) and the product (ω(P)) for all the chlorination reactions considered in the study. All the values are in eV. 
TABLE VI
Calculated activation electrophilicity ( , , ), reaction electrophilicity ( , , ) and activation hardness ( η ) of all the chlorination reactions considered in the study.
All the values are in eV. for all the π-complexes formed between chlorine and π-bond of the substituted ethylenes. 
